mitochondrial protein import, translation, and OxPhos complex assembly -pathways essential to prime 23 mitochondrial biogenesis. Our data reveal a mechanism for post-transcriptionally coordinating CoQ 24 production with OxPhos biogenesis and, more broadly, demonstrate the power of transomics for defining 25 genuine targets of RBPs. 26
HIGHLIGHTS

27
• The RNA binding protein (RBP) Puf3p regulates coenzyme Q (CoQ) biosynthesis 28
• Transomic analysis of RNAs, proteins, lipids, and metabolites defines RBP targets 29
• Puf3p regulates the potentially toxic CoQ biosynthesis enzyme Coq5p 30
• Puf3p couples regulation of CoQ with a broader program for controlling mitochondria 31 reported an astounding 2,018 mRNA putative "targets" of Puf3p-nearly a third of the yeast transcriptome 93 (Table S1 ). Putative Puf3p targets include seven enzymes directly involved in CoQ biosynthesis: coq1, 94 coq2, coq3, coq5, coq6, coq7, and coq8 ( Figure 1D ). However, given the extensive length of the Puf3p-95 bound mRNA list, we suspected that Puf3p regulates only a fraction of its 2,018 putative targets in vivo-96 both for this specific case of Puf3p-mediated regulation of CoQ ( Figure 1E ) and for Puf3p functions in 97 general. 98 99 100 101
Transomic Analyses Define Puf3p Targets 102
To identify high-confidence Puf3p targets, we integrated data from five experimental methods across four 103 omic planes (Figure 2A) . We first identified Puf3p target mRNAs using data from two independent 104 approaches: HITS-CLIP (Licatalosi et al., 2008) , which uses UV-crosslinking and immunopurification of 105 RBP-RNA complexes, and RNA Tagging (Lapointe et al., 2015) , which employs an RBP-poly(U) 106 polymerase fusion protein to covalently tag mRNAs bound in vivo with 3' uridines ("U-tags") ( Figure S2A) . 107 We focused on these datasets because they were generated in-house and rely on orthogonal strategies 108 to identify mRNAs bound by a protein. HITS-CLIP (Wilinski et al., 2017) and RNA Tagging (Lapointe et al., 109 2015) co-identified 269 Puf3p-bound mRNAs, out of the 467 and 476 mRNAs identified via each technique 110 on its own, respectively (Figure 2A ) (hypergeometric test, p < 10 -211 ). Separating Puf3p-bound mRNAs 111 into classes based on detection (I-IV, with class I representing the strongest detection) showed that co-112 identified mRNAs were the most robustly detected mRNAs in each method alone ( Figures 2B, S2B , and 113 S2C), and 42% of mRNAs identified via both methods were class I or II in each individual approach ( Figure  114 S2D). Moreover, the 3' untranslated regions (UTRs) of mRNAs identified via both methods were strongly 115 enriched for sequences that conform to high-affinity PBEs (UGUAHAUA), and a remarkable 81% also 116 contained an upstream (-1 or -2) cytosine, which is required for particularly high-affinity interactions and 117 regulation in vivo (Lapointe et al., 2015; Zhu et al., 2009) (Figures 2C and S2E) . In contrast, RNAs unique 118 to one method had more degenerate PBEs, with much less frequent upstream cytosines. 119
Integration of HITS-CLIP and RNA Tagging data thus yielded a high-confidence list of co-identified 120
Puf3p-bound mRNAs, referred to here as "Puf3p target mRNAs" (Figure 2A and Table S1 ). Importantly, 121 our analyses identified the CoQ-related mRNAs coq2, coq5, and coq6 as high-confidence Puf3p targets, 122 but not coq1, coq3, coq7, or coq8. In searching for the target responsible for the Dpuf3 CoQ deficiency 123 ( Figure 1A) , the observation of elevated PPHB and decreased CoQ suggested a defect in a complex Q 124 dependent step ( Figure 1B ) and allowed us to narrow our focus to coq5 and coq6. However, which of 125 these Puf3p-mRNA interactions ultimately leads to regulation in vivo is unclear from the transcriptomic 126 data alone. 127
To determine how Puf3p impacts the abundance of proteins encoded by its target mRNAs, we 128 integrated these mRNA data with the proteomics feature of the Y3K data set (Stefely et al., 2016a) . We 129 identified protein abundance changes due to loss of Puf3p in two metabolic conditions. In fermentation 130 culture conditions, 160 significant proteome changes were observed in Dpuf3 yeast (p < 0.05 and fold 131 change [FC] > 25%) ( Figure S2F ). In contrast, only 24 such changes in protein abundance were observed 132 in respiration culture conditions. Thus, we primarily leveraged the fermentation proteomics data set to 133 reveal Puf3p functions. The more drastic protein changes observed in fermentation mirror those of CoQ 134 pathway lipids, which were likewise significantly (p < 0.05) altered only in fermentation ( Figures 1A and  135 
S1B). 136 5
Of the 165 proteins encoded by Puf3p target mRNAs detected in fermenting yeast, 91 (55%) were 137 significantly more abundant by at least 25% in Dpuf3 yeast relative to WT yeast (p < 0.05) ( Figure 2D) . 138 We collectively refer to these proteins as "Puf3p cis target proteins" ("cis targets") (Figure 2A) , and they 139 include Coq5p but not Coq6p. The 91 cis targets account for a striking 57% (91/160) of significantly (p < 140 0.05) altered proteins in the Dpuf3 proteome. In contrast, Puf3p-bound RNAs uniquely identified by a single 141 RNA method, especially those detected weakly, were much less likely to be upregulated ( Figures 2E and  142   S2G) . Thus, the combination of these distinct "omic" approaches identifies RNA-binding events likely to 143 have regulatory effects in the cell. Collectively, these analyses provide high-confidence Puf3p targets 144 across both the transcriptome and the proteome (Figure 2A and Table S2 ). (Stefely et al., 2015) , and alterations in CoQ biosynthesis can be difficult to track 153 with growth assays. Thus, to facilitate mechanistic studies, we overexpressed Coq5p from a plasmid with 154 a strong promoter to make associated phenotypes more readily observable. Overexpression of Coq5p in 155 WT yeast slowed fermentative growth and essentially eliminated respiratory growth (Figures 3A and 3B) . 
6
To further test the idea that Puf3p directly regulates Coq5p, we generated yeast strains with 172 genomic mutations to the 3' UTR of coq5 ( Figure 3D) . Removal of the coq5 3' UTR or the site-specific 173 mutation of the Puf3p-binding element (PBE) in coq5 at its endogenous genomic loci significantly reduced 174 yeast growth in both fermentation and respiration (p < 0.05) (Figures 3E, 3F , and S3F). These growth 175 phenotypes recapitulate those observed when Coq5p is overexpressed from a plasmid, but are notably 176 different from those of Dcoq5 yeast, which grow normally in fermentation (Figures 3E and 3F) . As a control, 177 disruption of two genes that flank coq5 (bul2 and zds2) had no discernible effect on yeast growth, therefore 178 ensuring that the growth defects we observed are specific to loss of the PBE in coq5. 179
Our collective findings demonstrate that Puf3p modulates CoQ biosynthesis by directly regulating 180
Coq5p, a potentially promiscuous protein with toxic effects when overexpressed (Figures 3G and S3G) . 181
By validating Coq5p as a Puf3p target, our findings strongly suggest that the additional 90 cis target 182 proteins identified by our transomic analysis are also very likely to be bona fide Puf3p targets in vivo. They 183 thus provide a foundation for identifying additional pathways that Puf3p coordinates with CoQ biosynthesis. 184
Puf3p Coordinates CoQ Production with Mitochondrial Biogenesis Functions 185
Our transomic data set enabled us to map additional Puf3p functions across multiple omic planes ( Figure  186 2A), similar to how we mapped Puf3p to its mRNA target coq5, its cis target protein Coq5p, and its 187 downstream (trans) effect on CoQ lipids. We used the cis Puf3p protein targets to identify downstream 188 "trans effects" in the proteome. By a protein "trans effect," we refer to proteins whose abundance is 189 dependent on Puf3p, but whose mRNA does not bind Puf3p (see Methods for details). The vivo. The HITS-CLIP and RNA Tagging data sets overlapped by ≈50%, which was greatest among the 259 mRNAs detected most robustly in each separate approach. Weakly detected Puf3p-bound mRNAs were 260 unlikely to overlap and likely arise through intrinsic biases of each method. Thus, our analyses illustrate 261 that HITS-CLIP and RNA Tagging are complementary, and we demonstrate that integration of their data 262 yields high-confidence RNA targets. Indeed, these analyses rapidly narrowed our focus to coq5 or coq6, 263 from the other complex Q candidates coq3, coq8, and coq9. Importantly, our findings also demonstrate 264 that RBP-mRNA interaction data sets are stratified: interactions that lead to biological regulation are 265 concentrated at the top of the rank order. In the absence of a transomic data set, a sharp focus on the top 266 tier of candidates has great potential to reveal genuine targets. 
Puf3p Coordinates Proteins and Lipids in Mitochondrial Biogenesis 295
By controlling the abundance of proteins that catalyze production of mitochondrial proteins, lipids, and 296 metabolites, Puf3p regulation reaches across three omic planes. Transomic coordination may be critical 297 for efficient production of functional mitochondria, for example by linking production of OxPhos protein 298 complexes and the OxPhos lipid CoQ. 299
A similar mechanism was recently proposed for nuclear-and mitochondrial DNA-encoded proteins 300 via synchronization of cytoplasmic and mitochondrial translation programs (Couvillion et al., 2016 We observed few effects in respiring Dpuf3 yeast, which at first glance may seem to contradict a 322 recent study that reported Puf3p to activate translation of its mRNA targets as yeast enter the diauxic shift 323 (Lee and Tu, 2015) . However, our cultures were harvested more than 5 hours after the diauxic shift, by 324 which time the activating function has disappeared (Lee and Tu, 2015) . Indeed, our analyses of earlier 325 time points also suggest that Puf3p functions early in the diauxic shift ( Figure S4D ). Yeast that lack puf3 326 may only have mild phenotypes in respiration because transcriptional control compensates for the lack of 327 Puf3p-mediated regulation, or because other RBPs (e.g., Puf4p or Puf5p) compensate for its absence. 328
Regardless, Puf3p is a critical repressor of mitochondrial biogenesis in fermenting yeast -a function that 329 is conserved across more than 300 million years of evolution (Hogan et al., 2015; Wilinski et al., 2017) . 330
The Puf3p mRNA targets that were not observed in our proteomics studies provide another 331 valuable resource (Tables S1 and S2). For example, they include previously uncharacterized genes (e.g., 332
aim11, aim18, ybr292c, ydr286c, ydr381c-a, ygr021w, and ygr161w-c), which we can now potentially link 333 to roles in mitochondrial biogenesis given their identity as Puf3p target mRNAs. Thus, the pathways 334 mapped via transomics also provide a framework for retrospective analyses, which is particularly useful 335 since imperfect overlap between omic planes is a common feature of transomic studies (e.g., some 336 observed mRNAs are not detected at the protein level). Our high-confidence Puf3p cis target set provides 337 a snapshot of specific mitochondrial biogenesis pathways regulated by Puf3p (Figure 4F ) that can guide 338 future analyses of the full set of Puf3p mRNA targets, which include additional OxPhos biogenesis factors. Tagging U1 TRPM  526 log 2 , CLIP peak height, CLIP P-value, CLIP Class, Number of peaks, Peak location, Method, Proteomics 527 log 2 (KO/WT) in fermentation, Proteomics P-value in fermentation, and 25% sig protein change. (B) Table  528 of Puf3p cis targets, including a summary of RNA Tagging, HITS-CLIP, and proteomics data for each 529 target. (C) 
METHODS
551
CONTACT FOR REAGENT AND RESOURCE SHARING 552
Further information and requests for resources and reagents should be directed to and will be fulfilled by 553 the Lead Contact David Pagliarini (dpagliarini@morgridge.org). 554
EXPERIMENTAL MODEL AND SUBJECT DETAILS 555
Yeast strains 556
The parental (wild type, WT) Saccharomyces cerevisiae strain for this study was the haploid MATalpha 557 BY4742. Single gene deletion (Dgene) derivatives of BY4742 were obtained through the gene deletion 558 consortium (via Thermo, Cat#YSC1054). Gene deletions were confirmed by proteomics (significant [p < 559 0.05] and selective decrease in the encoded protein) or PCR assay. 560
Coq5 PBE mutant strain. The PBE in coq5 was identified by analysis of the HITS-CLIP data 561 (Wilinski et al., 2017) , in which coq5 had a single peak centered over the sequence: CTGTACATA. Using 562 the haploid MATalpha BY4742 as the parental strain, a yeast strain with a mutant Puf3p-binding element 563 (PBE) in the 3' untranslated region (UTR) of the coq5 gene was generated using the Delitto Perfetto 564 method (Storici and Resnick, 2006) . Briefly, the 282 nucleotides immediately downstream of the coq5 565 coding sequence were replaced with the KanMx4-KlUra3 cassette. Thus, the "coq5D3'UTR" strain was 566 created. To enable generation of the endogenous PBE mutant, the coq5 ORF + 3' UTR was cloned in 567 p426gpd. The PBE sequence was mutagenized by PIPE cloning. The sequence-confirmed plasmid, 568 containing mutagenized PBE, served as the PCR template in a reaction that generated the cassette that 569 seamlessly replaced KanMx4-KlUra3 with the coq5 3' UTR sequence harboring the CTGT --> GACA PBE 570 mutation. Two separate yeast strains with identical coq5 PBE mutants were independently generated in 571 this manner. One of the two strains maintained a coq5 3' UTR identical to that of the WT strain outside of 572 the mutated PBE. In the second strain, the PBE change was scarless, with the exception of the deletion 573 of a single 3' UTR thymidine nucleotide in a stretch of 10 thymidine nucleotides beginning 184 nucleotides 574 upstream of the desired PBE mutation. As shown in the figures of this report, both of these independently 575 generated strains shared the same biological phenotypes. 576
METHOD DETAILS 577
Yeast cultures 578
General culture procedures and media components. Yeast were stored at −80 °C as glycerol stocks and 579 initially cultured on selective solid media plates at 30 °C. Biological replicates were defined as separate 580 yeast colonies after transformation and plating onto solid selective media. Experiments were conducted in 581 biological triplicate ("n = 3") to afford statistical power. Cell density of liquid media cultures was determined 582
by optical density at 600 nm (OD 600 ) as described (Hebert et al., 2013) . Media components included yeast 583 extract ('Y') (Research Products International, RPI), peptone ('P') (RPI), agar (Fisher), dextrose ('D') (RPI), 584 glycerol ('G') (RPI), uracil drop out (Ura -) mix (US Biological), histidine drop out (His -) mix (US Biological), 585 and G418 (RPI). YP and YPG solutions were sterilized by automated autoclave. G418 and dextrose were 586 sterilized by filtration (0.22 µm pore size, VWR) and added separately to sterile YP or YPG. pipetting and immediately fixed with formaldehyde for microscopy as described below. 627
Yeast Transformations 628
Yeast were transformed with plasmids using a standard lithium acetate protocol (Gietz et al., 1992 considered. RNA Tagging classes were obtained from (Lapointe et al.) because they were generated using 674 an improved strategy than in the initial report (Lapointe et al., 2015) . Genes with mRNAs identified by both 675 approaches, visualized by Venn diagrams, were designated as "Puf3p target mRNAs". Protein-RNA 676 network maps were constructed using Cytoscape (v. 3.2.1) and the 'Organic' 'yFiles Layouts' option. 677
Definition of Puf3p Cis Target Proteins 678
We defined "Puf3p cis target proteins" (interchangeably referred to as "Puf3p cis targets") as: proteins 679 encoded by Puf3p mRNA targets with at least a 25% significant (p < 0.05) alteration in protein abundance 680 in yeast that lack puf3 relative to WT yeast grown in fermentation culture conditions. The proteomic data 681 included 165 proteins encoded by Puf3p mRNA targets (out of 269 total), and 91 proteins were designated 682 as Puf3p cis target proteins ("Puf3p cis targets") out of the 160 proteins with at least a 25% significant 683 alteration in protein abundance. To ensure rigorous definition, we excluded 20 proteins with significantly 684 altered protein abundances because they were identified as Puf3p-bound mRNAs only via a single method, 685 thus confounding their assignment. 686
Definition of Puf3p Trans Targets 687
For the proteome, Puf3p trans effects were defined as proteins that were not encoded by Puf3p mRNA 688 targets with at least a 25% significant (p < 0.05) alteration in protein abundance in yeast that lack puf3 689 relative to WT yeast grown in fermentation culture conditions. For the metabolome and lipidome, Puf3p 690 trans effects were defined as metabolites or lipids, respectively, with at least a 25% significant (p < 0.05) 691 alteration in abundance in yeast that lack puf3 relative to WT yeast grown in fermentation culture 692 conditions. 693
Gene Ontology Analyses 694
Analyses were conducted using YeastMine, from the Saccharomyces Genome database 695 (http://yeastmine.yeastgenome.org), with the default settings (Holm-Bonferroni correction). 696
Gene Property Analyses 697
To test for characteristic properties of Pufp3 cis targets, Puf3p trans effect proteins, and mitochondrial 698 proteins, we compared our data against numerous publicly available data sets. Briefly, all proteins 699 quantified in ∆puf3 yeast (n = 3152, fermentation growth conditions, Y3K data set (Stefely et al., 2016a)) 700 were assigned to one or more of the following categories where appropriate: Puf3p cis targets (n = 91, as 701 defined in this report), Puf3p trans effect proteins (n = 49, as defined in this report), mitochondrial proteins 702 (Jin et al., 2015) (n = 715), and all profiled proteins (n = 3152) in fermenting ∆puf3 yeast. For each gene 703 property analysis, each protein was assigned a qualitative or quantitative value as reported in a publicly 704 available data set if a corresponding value was reported therein. Protein overexpression toxicity was 705 assigned using data from (Gelperin et al., 2005 
Lipid Extractions 716
Frozen pellets of yeast (10 8 cells) were thawed on ice and mixed with glass beads (0.5 mm diameter, 100 717 µL). CHCl 3 /MeOH (2:1, v/v, 4 °C) (900 µL) and CoQ 10 (10 µL, 10 µM, 0.1 nmol) were added and vortexed 718 (2 × 30 s). HCl (1 M, 200 µL, 4 °C) was added and vortexed (2 × 30 s). The samples were centrifuged 719 (5,000 g, 2 min, 4 °C) to complete phase separation. 555 µL of the organic phase was transferred to a 720 washed 5 times with PBS-BSA (2 mL, ~23 °C) and twice with PBS (2 mL, ~23 °C). The last wash was 765 aspirated and the slides were allowed to air dry briefly in the dark. The coverslips were mounted onto slides 766 with 50% glycerol in PBS (8 μL). Fluorescence microscopy was performed on a Keyence BZ-9000 767 microscope using 100X oil immersion optics at room temperature. Line scan analysis was performed with 768
ImageJ. 769
QUANTIFICATION AND STATISTICAL ANALYSIS 770
Overview of Statistical Analyses 771
For each reported P-value, the statistical test used is reported in the legend for the corresponding figure  772 panel. The majority of P-values in this report were calculated using an unpaired, two-tailed, Student's t-773 test. In a few select instances, as noted, P-values for hypergeometric tests and Spearman correlation 774 coefficients were calculated using the R software suite. Also as noted above, a Fischer's exact test was 775 used for a few select qualitative gene set analyses. For yeast experiments, all instances where n replicates 776 are reported had n biological replicates. As detailed above, for the gene and protein set analyses, n 777 indicates the number of genes or proteins in each set: Puf3p cis targets (n = 91), Puf3p trans effect proteins 778 (n = 49), mitochondrial proteins (n = 715), and all profiled proteins (n = 3152) in fermenting ∆puf3 yeast. 779 780
